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HARDENING  OP  STEEL  HITS  hlGH-SPEED  DEPOEEAT1CR  IN  SIDE  TEN  PEFATORE 
BANGS 


L. I.  Hirkin  (Moscow) 


ABSTRACT.  He  knew  £1]  that  when  wetal  speciaens  colli Je  at 
relative  speeds  of  3C0-4CQ  a/s  plastic  deferaation  and  str anctbecirg 
somewhat  exceeding  the  corresponding  values  fer  static  deferaatien 
are  observed. 

It  has  now  becoae  possible  to  conduct  experiaents  at  iapact 
speeds  which  reach  several  thousand  aetets  per  second.  Massive 
specimens  of  low-carbor  steel  1C  (C.1  o/c  C)  and  technical  iron 
(O.O60/0  C)  subjected  to  iapact  with  an  indentcr  at  relative  speeds 
in  a  range  of  frea  1200  tc  4000  i/s  have  been  studied.  Prior  tc 
iapact  the  speciaens  were  heated  in  a  teapeiature  range  cf  up  to  *■ 
700°C  and  cooled  in  a  as  lew  as  -1d0°  C.  A  cuifcer  of  experiaents  were 
also  undertaken  with  speciaens  at  ccoa  teaperature. 
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To  analyze  results  tn«  investigation  was  conducted  jointly  with 
data  published  earlier  fee  ctoer  types  of  poised  hardening  of 
analogous  specimens  (tberacsschanical  treatsent  with  dynaaic 
deforeation  [2])  hardening  unaer  the  effect  of  light  pulses  free  a 
laser  [3],  piercing  cf  places  by  an  indentor,  hardening  by  explosion, 
and  the  coabined  hardenirg  effect  cf  explosion  and  iapact  at  high 
speeds  [  4  ]. 

As  a  result  of  the  iapact  craters  with  approximately  spherical 
surfaces  were  foraed  ir  the  speciaens. 

In  describing  the  effects  an  orthogonal  coordinate  systec  was 
used.  The  OZ  axis  was  directed  serial  to  the  plane  cf  the  obstacle, 
while  the  OX  and  OY  axes  lay  parallel  to  the  plane  cf  the  obstalce 
and  the  origin  of  the  coordinates  was  at  the  crater's  apex. 

The  speciaen  was  cut  along  the  XOZ  plane  (ir  the  aiddle  cf  the 
crater)  and  deforaaticc  cf  the  zene  arcund  the  crater  was  studied. 

A  aetallogr aphic  lethod  was  used  along  with  X-ray  diffraction 
analysis  with  phctcgraphic  and  ionization  registration  of  intensity. 
Hardness  distribution  was  eeasured  and  the  defersatien  zone  was 
estimated  by  a  nethod  ci  etching  with  various  reactive  agants.  END 
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The  findings  were  eianined  in  the  following  order:  a)  constant 
rate  of  iapact  (1200  n/s),  variable  teaperature  of  spcclatn  (troa 
-1 80°  to  ♦  700°JC) ,  b)  constant  teaperature  of  specimen  (*>  2CCC)  , 
variable  speed  of  iapact  (frca  1*GC  to  4C00  i/s) . 

After  lcw-tenpe ratuxe  deformation  carves  fcr  equal  hardness 
arcund  the  crater  section  were  plotted.  Analysis  of  these  curves 
shows  that  pulsed  deforiaticn  causes  harndess  to  increase  fres  110  to 
170-175  Tickers  units,  here  toe  fora  of  the  iscsklers  reproduces  vtcy 
well  the  shape  of  the  crater. 

A  netallcgraphic  study  revealed  that  in  the  case  cf 
low-temperature  defornaticn  in  the  crater  regicn  a  large  number  of 
twins  fora  and  grain  deformation  also  occurs.  Let  us  note  a  number  cf 
perculiarities  in  the  twin  structure  for  the  case  of  low-temperature 
defornaticn  under  static  conditions. 

First,  twins  in  the  studied  case  were  never  continuous  and 
always  took  the  form  cf  treken  bands.  Apparently  several  deferma-ien 
waves  had  passed  at  different  speeds  through  grains  containing  broken 
twins.  The  first  wave  at  very  nigh  speed  led  tc  twinning  def crmaticn. 
The  second,  at  lower  velocity,  led  to  the  staedard  hcacgenecus 
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deformation  of  the  grain.  In  this  case  shear  cccured  and  the  result 
«as  broken  twins.  The  second  peculiarity  in  the  structure  is  the 
presence  of  bent  twins  (deformaticr  band)*  which  are  rarely  observed 
in  static  low-teaerpat ore  defor nation. 

Note  than  in  aost  grams  twinning  occurs  in  a  single  system.  At 
the  saae  time,  in  the  presence  of  deforaatics  free  a  plane  explcsicc 
wave  in  the  sane  steel  two  twinning  systems  it  each  grain  are  usually 
ebserved. 

Figure  1  shows  curves  representing  the  change  in  dimensions  of 
the  grains  along  the  coordinate  axes.  Free  this  we  learn  that  cn  tM 
boundary  of  the  crater  the  diaensiens  of  the  grains  are  definitely 
anisotropic.  Under  the  efrect  of  roe  shock  wave  the  grain  acquires  a 
shape  close  to  elliptical  with  the  miner  axis  cf  the  ellipse  directed 
normal  to  the  front  of  t  fce  shoe*  wave.  The  dimensions  of  the  grains 
in  the  direction  of  the  CX  axis  change  froa  9C  to  45  pa*  in  the 
direction  of  the  OZ  axis  -  from  10  to  40  pa*  the  ratio  cf  grain  axes 
exceeds  3. 

It  is  interesting  tc  compare  these  data  with  the  results  cf 
analogous  aeasureaents  when  tne  target  is  at  rcca  temperature.  In  the 
latter  case  the  limit  values  cr  grain  dimensions  along  the  cx  and  cz 
axes  were  60  and  25  pm*  i.e.*  deformation  cf  the  grains  was 
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significantly  lower.  Frca  the  deioraation  cf  grains  it  is  possible  to 
approxiaate  the  degree  cf  detonation  of  the  laterial  by  aeacs  cf  the 
Beshinger  ratio  [6].  Note  that  in  this  respect  the  possibility  of 
autual  turning  of  the  grains  in  the  presence  cf  plastic  deferratier 
has  not  been  considered.  However,  as  a  special  study  conducted  by 
1.  H.  Gryaznov  [7]  revealed,  even  in  the  presence  of  static 
deforaation  at  low  velocities,  the  percentage  of  autual  turning  cf 
the  grains  in  low-cartcn  steel  is  still  insigrif icant. 

Calculation  shows  that  the  xaxiaal  degree  of  deforaation  at 
lo*-teaperature  iapact  was  230o/c.  Por  comparison  we  eight  point  out 
that  after  a  deforaation  scaewnat  exceeds  yield  defcraaticc  an 
analogous  calculation  gives  os  a  value  of  crly  10  o/o.  Deforaation, 
in  fact  was  even  greater,  since  the  calculations  did  net  consider 
twinning  effects. 

To  estiaate  the  contribution  of  the  twinning  effect  curves  were 
plotted  to  represent  the  relative  ruaber  of  twins  along  the  CZ  axis. 
This  curve  is  also  shown  m  Fig.  1.  Proa  it  we  see  learn  acre  than 
SOc/o  of  the  total  nuatec  of  twins  lie  within  the  Units  of  1.5  otr  cf 
the  apex  of  the  crater.  The  twins  are  preserved  even  at  a  distance 
frca  the  crater  at  which  the  ducnsions  cf  the  grains  cease  to 
change . 
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This  finding  also  appeals  co  confirs  the  hypothesis  of  the 
passing  of  several  detonation  haves  at  different  velocities  and 
intensities,  saves  at  high  velocity  cause  twinning  processes;  waves 
at  low  velocities  cause  grain  deforation;  danping  of  waves  with  high 
speed  occurs  at  greater  distances.  It  should  te  pointed  out  that, 
despite  the  high  iapact  speeds*  no  softeninu  effects*  indicating 
heating  cf  the  crater  surface*  were  observed. 

An  X-ray  structural  study  wich  photographic  registration  of 
intensity  revealed  that  the  line  on  the  X-ray  photograph  (for 
example,  line  (220)  in  the  case  of  reverse  photography  with  the 
emission  of  an  iron  ancce)  is  solid  at  the  crater's  apex  and  somewhat 
expanded*  but  with  distance  narrows  to  a  line  characteristic  for  the 
X-ray  pictures  of  annealed  low-carbon  steel. 

Photography  with  ionization  registration  cf  the  intensity  and 
and  rapid  rotation  of  the  specisan  in  its  plane  revealed  that  the 
effect  of  expansion  cf  tie  line*  even  at  great  reflection  singles,  is 
not  great.  With  the  selected  type  cf  gecietrical  phctcgra phinc 
conditions  the  width  of  the  line  (220)  at  the  crater  constitutes 
13.5«10*3  rad  and  11.2*1Q*3  at  a  distance  cf  16  as  free  the  crater. 


Estimation  of  the  fine  structural  elenents  in  the  case  of  such  small 
changes  is  unreliable. 
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When  the  collision  is  at  rcoa  temperature  (+20°C)  a  crater  of 
somewhat  greater  depth  is  fcraea  and  the  findings  for  grain 
diaensions  and  the  number  or  twins  in  the  crater  qualitatively 
analogous  to  those  presented  above  for  the  case  c£  lew-temperature 
defamation. 

Sharp  qualitative  differences  are  observed  in  high-teaperature 
(+7 C0°C)  deformation.  Incraasd  hardness  in  the  crater  region  in  this 
case  constitutes  90- 10C  kg/sa*.  The  aagnitude  cf  the  effect  is 
greater  here  than  it  is  for  collisions  at  rccs  temperature  and  a  lew 
temperatures  (-180°C).  in  the  crater  region  there  is  a  rapid  drop  in 
hardness.  With  distance  frea  the  crater  the  pace  cf  this  decline  in 
hardness  slackens. 

A  metallographic  study  showed  that  in  the  aaterial  arcund  the 
crater  three  clearly  defined  structural  zones  can  be  distinguished. 

Cn  the  crater  surface  is  the  zcce  cf  small  equiaxial  grains.  The 
thickness  of  this  zone  along  tne  CZ  axis,  i.e.,  at  the  bottcn  cf  the 
crater,  constitutes  0.3  ca.  Beycnd  it  lies  the  zene  cf  large  grains 
which  extend  in  a  direction  tangential  tc  the  surface  of  the  crater. 
The  thickness  of  this  zere  at  the  bottom  of  the  crater  is  1.5  mm.  The 
third  zone  is  that  of  eguiaxial  ferritic  grains  (original  structure). 
The  total  thickness  cf  the  zene  with  the  altered  structure  at  the 
edges  of  the  crater  is  a pprcxamately  half  that  cf  the  bottom. 
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The  results  obtained  by  aeasuring  grain  dimensions  are  presorted 
in  Pig.  2.  From  the  diagcaa  we  learn  that  at  the  edge  of  the  crater 
grain  dimensions  are  snail  (about  10  pm)  and  equal  in  both 
directions.  With  distance  from  the  crater's  edge  grain  dimensions 
increase  in  both  directions,  although  in  the  direction  of  the  CX  axis 
(tangential  to  the  crater's  surface)  this  increase  is  much  mere  rapid 
than  in  the  direction  cl  02.  is  a  result  there  develop  extended 
grains  with  an  axis  ratic  ot  approximately  3.  After  this  the 
nonequiaxiality  cf  the  grains  gradually  decreeses,  and  at  a  distarce 
of  about  3.5  mm  from  the  crater  there  begins  the  original  equiaxial 
structure  with  a  grain  size  of  about  30  pm. 

In  high-temperature  detormaticn  the  twin  formation 
characteristic  of  defoliation  under  the  same  conditions  at  reem  and 
lower  temperatures  is  net  observed.  If  we  ccopare  the  dimensions  of 
the  zones  with  altered  micrcstruct ure  with  zenes  which  have  alterei 
hardness,  then  we  learr  that  the  dimensions  cl  the  zone  cf  altered 
hardness  are  significantly  gxeather  than  these  cf  the  zone  in  which 
the  microstructure  has  chanced.  Ihe  dimensions  cf  the  deformation 
zone  obtained  by  macroetcning  coincide  with  these  of  the  zone  cf 


increased  hardness 
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In  X-ray  photographs  (irradiated  area  abcut  2am2)  taken  in  the 
undeformed  region  the  Eetye  rings  consist  of  individual  spots 
indicating  a  large-graiced  structure.  As  we  approach  the  crater  the 
spots  become  blurred  (5.5  si  frcacrater) .  This  corresponds  to  the 
absence  of  visible  changes  in  micrcstructure  end  an  increase  in 
hardness  by  20  kg/ma2  at  a  distance  of  2.5  n  frca  the  crater  (zone 
of  extended  grains  -  hardness  iccreased  by  kg/aa2) .  Along  with  the 
spcts  on  the  X-ray  photographs  a  solid  ring  appears.  Nearer  the  edcs 
cf  the  crater  the  lines  cn  the  Eebye  pictures  appear  in  the  form  cf 
blurred  rings. 

Hegistration  of  the  X-xay  pictures  by  the  icnizaticn  method 
shows  that  in  the  region  of  the  crater  (up  to  2.5  ma  frca  the  crater) 
there  is  a  certain  increase  in  the  thickness  cf  the  lines  on  the 
pictures.  An  analysis  cf  the  elements  of  the  fine  crystal  structrue 
revealed  that  in  the  region  or  the  crater  the  diuensicns  of  the 
blocks  decline  soaewhat  (frca  1.5  to  1.8«10~*ca)  and  the  density  of 
defects  increases  (from  C.d  to  1.5O010  cm*2).  This  is  almost  within 
the  limits  of  accuracy  cf  the  measurements.  At  the  same  tire  a 
significant  increase  is  coserved  in  micrcdistcrtions  (from  G.C3  tc 
0.  C6«10”2)#  even  though  the  absolute  value  cf  these  microdistcrtions 
is  not  great.  It  should  be  noted  tbat,  as  a  result  of  the  relatively 
large  dimensions  of  the  izcadiated  surface,  these  data  refer  alsc  tc 
the  extended  grains. 
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Thus,  iapact  at  high  teapecature  apparently  leads  to  the 
following  effects.  In  tbe  region  directly  adjacent  to  the  crater's 
surface  recrystallizat icn  occurs  with  the  fetaatien  cf  saall 
equiaxial  crystals.  The  process  is,  in  fact,  even  sore  coaplex  than 
standard  recr ystallizaticn,  since  the  hardnes  of  this  zone  is 
significantly  above  that  or  the  snail-grained  recrystallized  ferrite. 

At  greater  distances  frea  toe  crater  there  is  net  sufficient 
energy  for  recrystallization  during  such  a  shert  tiae  interval,  and 
plastic  deforaation  occurs.  In  this  case  plastic  deferaatien  occurs 
with  only  aierodistortiers  and  without  ncticeable  crushing  of  the 
blocks.  Finally,  in  a  zone  aore  distant  yet  frea  the  crater  crly  the 
properties  of  ferrite  crystals  change.  Their  fora  dees  not.  Cne  can 
anticipate  that  a  sharp  increase  in  the  rate  cf  iapact  will  have  the 
sane  effect  as  an  increase  in  teaperature. 

Presented  below  are  tne  findings  for  a  speciaen  of  techcical 
iron  after  iapact  at  a  rate  or  4000  a/s. 

Macroetching  of  a  crater  section  reveals  three  distinctly 
colored  regions.  Zones  1  and  3  (nuabered  fro  crater  surface)  are 
lighter  than  zone  2.  Data  cr  aetallographic  studies  shew  sharp 
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differences  in  the  structures  o t  these  zones.  Photomicrographs  of  the 
characteristic  zone  regions  ace  presented  in  fig.  3. 

Analysis  of  the  phctcsicrographs  shews  that  zone  1,  which  is 
nearest  the  crater,  consists  cf  ap prcxiaatel y  equiaxial  grains,  the 
grains  at  the  very  edge  cf  the  ccater  being  scsewhat  larger.  The 
following  zone  (zone  2),  sharply  demarcated  fees  the  first,  ccnsists 
of  grains  which  extend  in  the  directicn  tanoertial  tc  the  surface  cf 
the  ccater.  Under  high  sagnif zcaticn  we  see  that  these  grains  have  a 
structure  reeiniscent  ct  Cine  thins. 

aith  distance  fres  the  crater  surface  the  ratio  cf  the  axes  cf 
extended  grains  decreases  and  very  distinct  twins  appear  in  them. 

Here  we  frequently  observe  broken  twins  (zone  3).  Still  further  free 
the  crater  surface  the  rusher  of  twins  in  equiaxial  grains  tcccaes 
even  lower.  No  sore  that  cne  twin  systen  is  ctserved  in  the  grains, 
and  there  is  a  gradual  transition  to  the  original  pclygcnal  structure 
(zone  4) . 

«e  should  aenticn  here  that  zone  3,  which  contains  twins, 
extends  to  a  vary  great  depth  within  the  specinen.  shereas  the 
thickness  of  zone  1  constitutes  aucut  0.C3  an,  and  that  of  zene  2 
equals  0.5,  zone  3  extends  to  a  depth  of  several  centimeters. 
Inspection  of  a  large  area  cf  the  xicrosccpic  section  shows  that  the 
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suaber  of  twins  in  the  structure  is  soaewhat  greater  than  norial  even 
at  distances  of  about  1C  ca  froe  the  crater. 

The  hardness  of  the  original  speciaens  was  160  kg/aa2,  and  even 
in  zone  1,  containing  eguiaxial  grains,  hardness  was  200  kg/aa2, 
i.e.,  40  kg/aa2  abeve  that  oi  the  original  aatecial.  Very  high 
hardness  values  were  oktained  in  zone  2.  The  hardness  of  380  kg/no2, 
revealed  in  this  zone,  is  220  kg/aa2  higher  than  in  the  original 
aatecial.  Finally,  in  zone  3  hardness  constitutes  239  kg/aa2,  i.e., 
it  is  60  kg/no2  greater  than  in  the  original  saterial. 

The  X-ray  structural  study,  as  one  sight  expect,  did  not  reveal 
any  new  phases  in  the  region  around  the  crater. 

To  study  changes  in  diaensions  and  the  orientation  of  crystals  a 
aethod  of  aziauthal  seaming  of  lire  (110)  (Cebye  ring)  was  used.  The 
technique  used  in  analysis  is  described  in  [8].  In  the  case  cf  a 
fine-grained  structure,  i.e.,  a  large  nuaber  cf  grains  with  randcir 
orientation  in  the  irradiated  voluae  of  C.5  X  0.05  an,  the  curve 
representing  the  dependence  cf  the  intensity  cf  reflectin  fren  the 
aziauthal  angle  a  should  oe  horizontal.  In  the  presence  of  texture  in 
the  aaterial  syaaetrical  aaxiaa  appear  on  this  curve.  Finally,  in  the 
case  of  large-grained  structure  with  disordered  orientation  cf 
crystals  aaxiaa  which  have  no  order  should  he  observed.  The  results 
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of  this  registration  are  shown  in  Fig.  4. 

As  we  learn  froa  the  diagrams  representing  the  azimuthal 
involute  of  the  intensity  curve,  in  zone  1,  which  ccntains  fine, 
equiaxial  grains,  the  curve  ccntains  several  xcce  or  less  disordered 
saxina,  i.e.,  the  block  structure  is  relatively  fine  and  does  net 
reveal  any  prevalent  orientation.  In  zone  2  ere  can  expect  the 
appearance  of  distinct  texture  iaxiea  and  dips  between  them  cr,  if  a 
prevalent  orientation  is  absent,  tne  appearance  cf  distinct  but 
disordered  maxima.  The  cbtained  curve  is  in  fact  characteristic  cf  a 
specimen  with  very  sxali  crystal  dimension  and  fine  texture,  i.e., 
the  large  grains  visible  in  the  photomicrograph  are  breken  down  into 
blocks. 

Characteristic  cf  zene  3  are  saxina  on  the  curve  of  the 
azimuthal  involute  and  fer  zene  4  -  increased  height  and  distinctness 
cf  these  maxima.  Let  us  point  out  that  even  though  the  shapes  and 
dimensions  of  the  grains  in  zones  3  and  4  visible  in  the  microscope 
are  approximately  identical,  the  appearacce  cf  twins  leads  tc  an 
increase  in  disorientaticn  within  the  grain,  as  we  learn  from  the 
I-ray  photographs. 

The  dimensions  cf  the  blocks  C  (10~*  cm),  the  density  of  defects 
in  the  crystal  lattice  p  (10*°  cm"-*)  and  micrcdistortions  A  a/a  were, 
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respectively,  in  zone  1  -  >  5,  <  0.1,  <  C.01;  in  zone  2  *  1.2,  2.0, 
C.  C5 ;  in  zone  3  ““  1.  4,  1.2,  C.O4. 

Here  it  should  be  aenticned  that  although  the  tendency  tcward 
change  on  the  part  of  eleaents  ct  the  fine  crystal  structure 
coincides  with  the  direction  cr  changes  in  hardness,  in  absolute 
value  the  roentgen  effects  are  cosfarati vely  ssall.  Deformation  cf 
the  iron  (rolling  with  high  degrees  of  reduction,  for  example)  make 
it  possible  to  obtain  cere  intensive  crushing  cf  the  blccks  and  an 
increase  in  sicrcdistrcticns  and  density  cf  defects  with 
substantially  less  increase  in  hardness.  Apparently  in  static 
deformation  and  deforaaticn  by  iapact  waves  ttere  are  substantial 
differences  in  the  fees  cf  the  distribution  cf  dislocations  vhich 
cannot  be  detected  froi  tae  expansion  of  the  line  in  the  X-ray 
photographs. 

These  results  enable  us  to  scheaatically  represent  processes 
which  occur  in  iron  under  iapact.  Apparenlty  at  the  the  speed  cf 
iapact  employed  (400  m/s)  the  release  of  energy  at  the  acaent  cf 
iapact  is  so  great  that  there  occurs  not  only  heat  liberation 
sufficient  for  vaporizaticn  cf  part  of  the  aaterial  and  the 
development  of  a  crater,  but  alsc  a  recr ystalli 2aticn  in  the  thin 
surface  layer  as  the  result  or  the  high  temperature  gradient  in  the 
remaining  portion  of  the  specimen. 
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The  analysis  of  the  me restructure  cf  zene  1  discussed  above 
shows  that  not  only  (recessing  recxystal lizaticn  occurs,  but  also 
partial  collective  cecr ystall izaticn  as  veil.  This  is  followed  by 
zone  2 ,  which  consists  cf  ueforaed  grains  with  a  gound  structcre, 
internal  distortions,  arc  increased  defect  dersity.  Here  the 
existence  of  a  very  sharp  boundary  between  the  first  and  second 
zones,  which  points  to  a  drastic  change  in  teiperature  and  pressure, 
will  certainly  he  observed. 

Finally,  zone  3  has  a  structure  usually  obtained  in  dynamic  cr 
explosive  deformation,  A  peculiarity  cf  the  structure  in  this  case  is 
the  presence  cf  cne  and  sometimes  two  directicns  on  the  part  cf  the 
twins  in  the  grains,  at  the  saae  tiae  that  defccaation  by  explosion 
is  characterized  by  the  existence  cf  2-4  twin  directions. 

If  we  coapare  this  vita  the  deforaatian  cf  a  planar  explosion 
wave,  then  we  learn  that  according  to  the  data  cf  [9]  and  cur  data 
[4],  right  up  to  shock  wave  pressures  of  55C  kbar  a  aicrostr uctur s 
characteristic  of  zone  3  (m  our  case)  is  observed.  At  the  same  time, 
in  the  presence  of  ac  ictensive  heat  pulse  free  the  light  bean  of  a 
laser,  as  demonstrated  ic  1 5  ],  by  outward  analogy  with  the  effect  cf 
high-speed  impact  (ferratien  cf  crater)  the  thermal  effect  is 


DOC  *  0231 


FIGE  16 


significantly  greater,  and  there  develop  secondary  hardened 
structures  character l2ec  by  a  very  high  degree  cf  hardness  (cp  to 
1500  kg/mi2,  fcr  example  for  Ice-carbon  steel). 

with  respect  to  the  magnitude  of  energy  released  cn  the  crater 
surface  per  unit  time,  the  studied  case  is  apparently  intermediate 
between  that  observed  at  lew  impact  speeds  cr  the  effect  of  plane 
sheet  waves  with  an  intersrty  of  less  than  1C*  kbar  and  the  effect  of 
powerful  light  energy. 

Qualitative  explanations  for  hardening  in  the  presence  cf  the 
interaction  between  an  ledenter  and  a  seai-inf inite  steel  obstacle 
can  be  obtained  on  the  casxs  of  the  Hornbogen  model  [10],  which  was 
used  earlier  to  analyze  processes  which  ccccr  in  a  shock  wave.  The 
main  difficulty  in  describing  the  process  lies  ret  in  explaning  the 
development  of  dislocations  upon  passage  of  the  shock  wave,  het  in 
explaining  the  process  cf  preservation  cf  high  dislocation  density 
after  removal  of  the  lead  from  the  material. 

The  compressed  regions  of  the  crystal  associated  with 
dislocations  lie  withir  the  compression  wave,  and  density  is  equal  tc 
the  difference  between  the  vcluse  inside  and  cutside  the  shock  wave. 


It  is  assumed  that  dislocation  loops  fert  as  the  shock  wave 


DOC  =  0231 


EA€£  17 


passes  through  the  crystals.  The  formation  of  a  screw  dislocation  in 
each  crystal  during  this  process  is  illustrated  by  the  diagrai  in 
Fig.  5. 

It  should  be  mentioned  that  the  amplitude  of  the  shcck  wave  in 
the  above  experiments  exceeded  the  value  of  the  yield  point  by  more 
than  one  order,  since  the  deformation  energy  was  quite  sufficient  fcr 
the  formation  of  new  dislocations. 

An  experimental  study  which  employed  a  transmission  type 
electron  microscope  [1C]  shows  that  the  dislccaticns  lie  in  two 
directions  < 1 1 1 >  in  plane  (110),  regardless  cf  the  crientaticn  of  the 
shock  wave  front  in  relation  to  taat  of  the  crystals.  The  boundary 
components  of  the  dislccaticn  loops  in  the  diagram  move  at  a  speed 
approximating  the  speed  cf  the  shock  wave  frcct,  since  their 
compressico  zone  (half-space)  forms  the  zone  cf  the  ccmpressicn  wave. 
The  heliccal  components  cf  the  loops  in  this  case  retain  in  place, 
and  their  length  increases  as  the  boundary  copcnents  pass  throuqh. 
The  less  cf  energy  in  the  wave  is  in  this  case  proportional  tc  the 
length  of  the  screw  pertiens  of  the  dislccaticns. 
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helical  dislocations  cao  re  ootained  by  analyzing  the  position  of  the 
boundary  dislocations  in  tha  shock  wave  front. 

The  helical  dislocations  which  remain  at  the  shock  wave  front 
■ay  interact  in  two  ways.  The  helical  pcrticrs  cf  the  dislocations  of 
the  saae  loop  have  different  signs  and  can  be  annihilated  if  they  are 
toe  close.  Helical  dislocations  lying  within  two  different  lccps  in  a 
single  plane  of  type  [110]  take  the  directions  cf  the  Burgers  vector 
shown  in  Fig.  5.  They  can  fora  nodes  through  the  reaction: 

It  should  be  mentioned  that  the  density  cf  dislocations  after 
the  shock  wave  front  has  passed  is  not  as  great  as  sight  be  expected 
in  the  individual  voluies  during  ccapressicn  cf  the  aaterial  ty  shock 
waves.  Therefore,  both  tfce  reaction  of  loop  compression  and  the 
reaction  cf  node  fornaticn  occur  behind  the  stock  wave  front, 
floreover,  the  studied  iccei  does  net  consider  the  change  in  behavior 
of  disloactions  at  speeds  approximating  the  speed  of  sound  in  the 
aaterial. 

Because  of  the  increased  probability  of  the  developaent  cf 
packing  defects  under  pulsed  aefcriaticn  it  fcllcws  that  the  density 
cf  partial  dislocations  will  also  increase,  i.e.,  that  there  will 
occur  dissociation  of  tctal  dislocations  intc  partial,  in  this 
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respect  we  observe  a  similarity  between  defcrmaticn  effects  under 
thersoeechanical  hardening  [11]  and  shock  wave  treataent.  However  all 
roentgen  effects  and  hardening  under  thermomechanical  treataent  cf 
steel  of  the  sane  composition  with  the  use  cf  dynanic  deformation  at 
rates  of  5  e/s  and  hardening  igucnching]  are  higher  than  after  shock 
wave  deformation  [2].  It  snculd  also  be  noted  that  the  observed 
effects  vay  have  the  saae  order  as  in  the  hardening  [quenching]  cf 
steel  and  a  somewhat  higher  order  than  in  static  deformation  with 
high  degrees  of  reduction. 

Finally  we  must  mention  the  fact  that  the  source  cf  softening  of 
the  material  at  very  high  deformation  rates  say  be  the  existence  cf  a 
limiting  rate  of  movement  on  toe  part  of  the  dislocations,  above 
which,  as  demonstrated  by  A. A.  2hu«ho vitskiy  and  F.A.  Krishtal  [12], 
destruction,  rather  tkar  hardening  of  the  material,  should  occur.  It 
appears  that  in  all  experiments  described  above  the  deformation  rate 
considerably  exceeds  tbis  limit  value. 

Conclusion.  Low-temperature  <-180°C  deformation  cf  lou-carbcn 
steel  at  iapact  speeds  cf  12U0  s/s  leads  to  the  development  cf  a 
spherical  twin  structure  and  grain  deformation.  Higb-teiparature 
(♦7 C°C)  [sic]  pulsed  dezcxmaticn  provides  additional 
recrystallization  effects,  increasing  the  impact  speed  up  tc  4000  t/s 
at  room  temperature  results  gualitatively  in  the  saee  pattern  as 
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high-temperature  defcrsaticr  at  Ion  speed.  The  results  o£  X-ray 
structural  analysis  and  tetallographic  study  c£  the  deformed  zone 
coincide  with  the  dislocation  models  of  shock  wave  effects  or  metal. 

Deceived  20  January  196C. 
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Fig.  1.  Distribution  of  grain  dimensions  d  along  OX  axis  (curve  1) 
and  OZ  axis  (curve  2)  and  relative  number  of  twins  n  along  Z  axis 
(curve  3)  with  distance  free  apex  cf  crater  in  steel  St.  10  (impact 
at  -180°C#  1200  m/s) .  Key;  >*a,  aa. 

Fig.  2.  Distribution  cf  grain  diaensiens  in  iipact  zone  in  steel  St. 
10  (impact  at  700°C,  1200  a/s);  1  -  grain  diaensions  along  CX;  2  - 
grain  dimensions  along  C2;  3  -  ratio  of  grain  diaensions  X/Z  along  CX 
and  OZ  axes. 
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Fig.  3.  Microstructure  c f  iron  after  impact  at  speed  cf  4000  a/s  x 
200:  a  -  zcne  1  of  recr jstallized  grains;  b  -  zcne  2  cf  defcrzed 
grains  with  twins;  c  -  zcne  3  of  eyuiaxial  grains  with  twins;  d  - 
original  structure  (zore  4). 
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Fig.  4.  Curves  o£  azimuthal  aistcitution  of  intensity  of  line  (110) 
cn  roentgenograms  of  different  zones  in  region  cf  crater:  a  -  zone  1 
of  recrystallized  grains,  t  -  zone  2  of  defected  grains  with  twins,  c 
•  zone  3  of  equiaxial  grains  with  twins,  d  -  original  structure  (zone 
4)  - 

Fig.  5.  Diagraa  of  dislocation  feraation  in  iron  and  steel  during 
passage  of  shock  compression  wave:  1  -  bcundacy  ccaponents  seving 
inside  compression  wave  front,  *  -  coapressicn  wave  front  eeving  in 
direction  of  [100],  3  -  helical  dislocations  which  retain  tetied 
compression  wave  front  and  lie  in  plane  [101]. 


